We established a QT interval assessment system that uses human embryonic stem cell-derived cardiomyocyte clusters (hES-CMCs) in which the field potential duration (FPD) or corrected FPD (FPDc) was measured as an indicator of drug-induced QT interval prolongation. To investigate the applicability of the hES-CMC system to drug safety assessment, we investigated short-term variability in FPDc (STV FPDc ) (beat rate rhythmicity) as a marker of torsadogenic risk. We investigated the FPDc and STV FPDc of hES-CMCs treated with hERG channel blockers (E-4031 or cisapride) or with our proprietary compounds X, Y, and Z. We also evaluated the electrocardiograms and hemodynamics of dogs treated with compound X, Y, or Z. The torsadogenic hERG channel blockers increased STV FPDc and prolonged FPDc. Compounds X, Y, and Z had hERG inhibitory activity. Compound X prolonged FPDc with increased STV FPDc , whereas compounds Y and Z tended to shorten FPDc in the hES-CMC system. In the in vivo canine study, compound X prolonged corrected QT (QTc), and compounds Y and Z tended to shorten QTc, showing a good correlation with the results in hES-CMCs. These findings suggest that combined assessment of FPDc and STV FPDc in the hES-CMC system increases the predictability of torsadogenic risk.
Introduction
Drug-induced QT prolongation is a critical clinical issue and leads to the withdrawal or use restriction of commercial drugs, because it increases the risk of ventricular tachycardia and torsades de pointes (TdP), which often degenerate into ventricular fibrillation. Therefore, every possible effort is taken in drug development to mitigate the risk of QT prolongation in humans. A target of most drugs that prolong the QT interval is the human ether-à-go-go-related gene (hERG) channel, which is important for repolarization. Therefore, hERG assays are performed as a first and indispensable step in drug safety assessment. However, hERG assays are not enough to forecast clinical QT prolongation reliably [1] . This may be because (1) the drug can affect a QT interval-prolonging channel other than the hERG channel [1, 2] , or (2) the drug can affect plural channels affecting QT intervals [3] . Accordingly, the best method of testing for QT prolongation risk is to use human cardiomyocytes that inherently express these multiple channels, but it has been difficult to obtain human primary cardiomyocytes. To overcome this hurdle, many researchers have applied human cardiomyocytes differentiated from embryonic stem cells or induced pluripotent stem cells to evaluate cardiotoxicity [4] [5] [6] [7] .
In this context, we have recently established an in vitro system that uses human embryonic stem cell-derived cardiomyocyte clusters (hES-CMCs) to assess the potential of drugs to influence the QT interval [8] . In this hES-CMC system, we record the field potential duration (FPD)-as QT-like intervals-of clusters treated with a compound; we then calculate the corrected FPD (FPDc) and examine whether or not the compound prolongs FPDc. However, there have been reports that the QT interval is not a good surrogate marker of TdP and ventricular fibrillation [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ; the beat-to-beat variability of QT or QTc is suggested to be a better parameter [14, 15] . It would therefore be of interest to investigate whether short-term variability in FPDc (STV FPDc ), as beat-to-beat variability, is increased along with FPDc prolongation in hES-CMCs treated with torsadogenic agents.
In our previous paper, we used well-known reference compounds, including E-4031 as a hERG channel blocker, to validate our in vitro QT assessment system. We found that changes in FPDc were well matched with in vivo QT prolongation or with the results expected from the compounds' mechanisms of action [8] . However, needless to say, the assessment system must be applicable to the safety assessment of drug candidates of which the effects on channels involved in QT intervals have not been clarified. There have been cases in which drug candidates give in vivo QT results that are inconsistent with the findings in hERG assays.
In this study, we used representative hERG channel blockers, class I antiarrhythmic drugs, and a calcium channel blocker to examine the possibility of using STV FPDc as an additional parameter to improve TdP risk prediction in the hES-CMC system. Moreover, we used our proprietary compounds to assess the applicability of FPDc and STV FPDc and compared our in vitro and in vivo observations.
Materials and Methods

Compounds
phenyl]methanesulfonamide dihydrochloride dihydrate) was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Cisapride monohydrate, flecainide acetate, mexiletine hydrochloride, quinidine hydrochloride monohydrate, and verapamil were purchased from Sigma-Aldrich (St. Louis, MO). Three proprietary compounds (compounds X, Y, and Z) were synthesized by Eisai Co., Ltd. (Tsukuba, Japan). Compounds Y and Z were synthesized as derivatives of compound X to reduce its hERG inhibitory activity. All compounds were dissolved in dimethyl sulfoxide (DMSO; Wako Pure Chemical Industries, Ltd. Osaka, Japan) to prepare stock solutions at 10 mM for in vitro experiments.
Cell Lines
Generation of a hERG channel stably expressing the Chinese hamster ovary (CHO) K1 cell line was reported by Taniguchi et al. [19] . A Ca v 1.2-expressing cell line (human Ca v 1.2/β2/α2δ1 calcium channel cell line, catalog number CT6004) was purchased from ChanTest (Cleveland, OH).
Cell Culture
CHO cells stably expressing the hERG channel were maintained in a 5% CO 2 incubator at 37˚C in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Invitrogen) and 1× antibiotics-antimycotics (Invitrogen). Ca v 1.2-expressing cells were cultured in a 5% CO 2 incubator at 37˚C in Ham's F12 (Invitrogen) supplemented with 10% FBS (Invitrogen), 1× penicillin-streptomycin (Invitrogen), 0.01 mg/mL blasticidin (Kaken Pharmaceutical Co., Ltd., Tokyo, Japan), 0.25 mg/mL Geneticin (Invitrogen), 0.25 mg/mL hygromycin (Invitrogen), and 0.4 mg/mL Zeocin (Invitrogen). Before use, the Ca v 1.2-expressing cells were treated with 0.8 μg/mL tetracycline (Invitrogen) for 24 h at 37˚C and then cultured for an additional 24 h at 27˚C in a 5% CO 2 incubator. During tetracycline induction of the channel, verapamil was added at 1 μM to keep the cells viable [20] .
Patch-Clamp Recordings
For the hERG assay, electrophysiological recordings were conducted with a QPatch 16 automated patch-clamp system (Sophion Bioscience A/S, Ballerup, Denmark). Its basic protocol has been described previously [21] . The external solution consisted of (in mM) 145 NaCl, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) (pH adjusted to 7.4 with 1 M NaOH, and osmolarity to 305 mOsm with 1 M sucrose), and the internal solution consisted of (in mM) 120 KCl, 5.374 CaCl 2 , 1.75 MgCl 2 , 10 EGTA (ethylene glycol-bis(2-aminoethylether)-N, N, N', N'-tetraacetic acid), and 10 HEPES (pH adjusted to 7.2 with 1 M KOH, and osmolarity to 300 mOsm with 1 M sucrose). hERG currents were evoked by a 5-s depolarizing potential of +20 mV from a holding potential of −80 mV, followed by a 5-s repolarizing step to −50 mV to measure tail currents.
For the Ca v 1.2 current, electrophysiological recordings were conducted with a manual patch-clamp. HEPESbuffered physiological saline with the following composition was used as the external solution (in mM): 137 NaCl, 4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 10 glucose (pH adjusted to 7.4 with 1 M NaOH). Glass patch pipettes were fire-polished and filled with the following internal solution (in mM): 120 Cs-aspartate, 10 CsCl, 10 EGTA, 5 Mg-ATP, 0.4 Tris-GTP, and 10 HEPES (pH adjusted to 7.2 with 50% CsOH, and osmolarity to 290 mOsm with 1 M sucrose). All recordings were performed with an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster City, CA), filtered at 1 kHz with a low-pass Bessel filter, digitized at 0.05 ms/point, and stored on a Dell computer (Dell Inc., Round Rock, TX) using a DIGIDATA 1322A (Axon Instruments). Ca v 1.2 currents were evoked by applying 200-ms voltage steps to 0 mV from a holding potential of −40 mV at a frequency of 0.1 Hz. Peak inward currents at 0-mV step pulses were measured, and IC 50 values for inhibition of the Ca v 1.2 current were calculated from the concentration-response curves.
Use of hES-CMCs to Assess Potential to Influence QT Intervals
This method has been described in detail by Yamazaki et al. [8] . Briefly, the procedures were as follows. hESCMCs were obtained from Cellartis AB (Göteborg, Sweden). The clusters were adhered to the electrodes of the probes (MED-P515A; Alpha MED Sciences, Osaka, Japan) of a MED64 System, a multielectrode device for recording field potentials. The clusters were treated with cisapride (a hERG channel blocker) at 100 nM, and their FPDs, inter-spike intervals (ISIs), and beat frequencies were recorded with the MED64 System with its own software (Mobius QT; Alpha MED Sciences). The preparations were placed on a hot plate and kept at 37˚C. . Clusters with 5 to 20% FPDc prolongation were chosen. After 7 days as a washout period, the selected clusters were used to assess the target and control compounds. In this assay, we maintained the clusters in DMEM (Sigma-Aldrich) supplemented with 20% FBS (Equitech-Bio, Kerrville, TX), 1× penicillin-streptomycin, 1× non-essential amino acids (Invitrogen), 0.1 mM β-mercaptoethanol (Invitrogen), 50 mM NaCl, and 15 mM NaHCO 3 , adjusted to pH 7.2 with 1 N NaOH.
Poincaré plots were drawn by plotting FPDc against the previous intervals for 30 consecutive beats. STV, defined as the mean orthogonal distance from the plot coordinates to the line y = x, was calculated as follows:
), where D represents the FPDc of beat n [14, 15] . A simple moving average with a 10-ms window length was used to filter out noise that would have affected the STV analysis of FPD.
Animals
Purpose-bred male beagle dogs were purchased from NARC Corp. (Sanmu, Japan). The dogs were provided with a commercial diet (DS-A; Oriental Yeast, Tokyo, Japan) and water ad libitum. They were kept under conventional conditions of controlled temperature, humidity, and lighting (23 ± 3˚C, 55 ± 15%, and a 12-h light-dark cycle with lights on at 07:00 a.m.). All experimental procedures were conducted according to the Eisai Animal Care Committee's guidelines.
Measurement of Electrocardiogram and Hemodynamic Parameters of Anesthetized Dogs Treated with Compound X, Y, or Z
Three dogs were used per group. Each dog was intravenously anaesthetized with 15 to 20 mg/kg body weight sodium thiopental. Anesthesia was maintained with inhalation of a mixture of isoflurane (1.5 to 2.0%) and oxygen via an anesthetic machine (FO-20S and MKIIIai; Acoma Medical Industry Co., Ltd., Tokyo, Japan) under artificial ventilation with a ventilator (ARF-900EII; Acoma Medical Industry) to maintain a constant depth of anesthesia. Artificial ventilation was performed at a tidal volume of 20 to 22 mL/kg and a rate of 12 respirations per minute. A heparin-coated polyurethane catheter (7Fr; Instech Laboratories, Inc., Plymouth Meeting, PA) was inserted into the carotid artery for measurement of aortic pressure. The other end of the catheter was connected to a micro-tip catheter transducer (MPC-500; Miller Instruments, Burnaby, Canada) attached to a pressure amplifier (AP-601G, Nihon Koden Corp., Tokyo, Japan). In addition, the maximum upstroke velocity of the left ventricular pressure (LVdP/dt max ) was measured. Standard lead II electrocardiograms were obtained with a bioelectric amplifier (S-1516; Nihon Koden). Electrocardiograms were recorded on thermal array recorders (WS-682G; Nihon Koden).
The animals were left for 30 to 60 min for hemodynamic stabilization. Stepwise incremental doses of 0.1, 0.3, and 1 mg/kg of compound X, or 1, 3, or 10 mg/kg of compound Y or Z, or corresponding vehicle (90% saline, 5% 1 N HCl, and 5% DMSO for compound X; 50 mM HCl and 5% DMSO for compounds Y and Z) were intravenously infused for 10 min per dose. Observations were made throughout each 10-min dosing period and for 10 min after the last period. QT and RR intervals were measured for two or three consecutive beats on a standard lead II electrocardiogram and expressed as means. QTcF intervals were calculated according to Fridericia's formula: QTcF = QT/RR 1/3 .
Determination of Plasma Total Concentrations of Compounds X, Y, and Z in Dogs
Blood samples (approximately 0.3 mL) were collected via the cephalic vein into heparinized syringes at the end of each 10-min infusion. The blood samples were immersed in an ice bath and then centrifuged at 10,000 rpm for 2 min at 4˚C to obtain plasma. The plasma samples were stored at −20˚C. Twenty microlitres of 0.1 M HCl were added to each 20-µL plasma sample. Four hundred microlitres of internal standard solution (acetonitrile containing 100 ng/mL of propranolol) was added to each sample; the sample was then mixed. The mixture was centrifuged at 3000 rpm for 10 min at 4˚C. The supernatant was placed onto a centrifugal filter device (MultiScreen Solvinert, hydrophilic PTFE membrane 0.45 µm; Millipore Co., Billerica, MA) and then centrifuged at 2000 rpm for 5 min at 4˚C. The resulting filtered samples were used for liquid chromatography-tandem mass spectrometry.
Statistical Analysis
All values are expressed as means ± S.E.M. Table 2 shows the changes in FPDc and STV FPDc of hESCMCs treated with compound X, Y, or Z. Compound X at 1, 3, and 10 μM prolonged FPDc by 12.1% (p < 0.01), 21.1% (p < 0.01), and 26.7% (p < 0.05), respectively-in a concentration-dependent manner-compared with pretreatment. This compound also gave concentration-dependent increases in STV FPDc , with significant increases at 3 (p < 0.01) and 10 (p < 0.05) μM. Typical early afterdepolarization (EAD) was induced by compound X in one of five clusters. EAD occurred about 3.5 min after the addition of compound X at 10 μM (Figure 1(a) ).
Waveforms at EAD are illustrated in Figure 1(b 
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IC 50 Values against the hERG Current
The IC 50 values of cisapride and E-4031 against the hERG current were 13.9 ± 1.1 (n = 5) and 29.9 ± 1.0 nM (n = 7), respectively. The following IC 50 values were calculated for the proprietary compounds: 0.30 ± 1.1 (n = 6), 10.6 ± 1.2 (n = 5), and 9.7 ± 1.1 μM (n = 5) for compounds X, Y, and Z, respectively ( Table 3) .
IC 50 Values against the Ca v 1.2 Current
The IC 50 value of verapamil toward the Ca v 1.2 current was calculated as 0.33 ± 0.09 μM (n = 3) as a control.
The IC 50 values of compounds X, Y, and Z were 27.2 ± 2.6 (n = 3), 2.8 ± 0.1 (n = 4), and 16.0 ± 0.9 μM (n = 3), respectively ( Table 3) .
Effects of Compounds X, Y, and Z on Electrocardiogram and Hemodynamics in Anesthetized Dogs
We examined the changes in plasma concentration of compound X at 10, 20, and 30 min, corresponding to the time points at the end of each 10-min infusion of 0.1, 0.3, and 1.0 mg/kg, respectively, in anesthetized dogs (Figure 2(a) ). The concentration increased in a dosedependent manner. QTcF intervals were prolonged after the start of the 10-min infusion of 1 mg/kg: 11.9% and 20.5% prolongation (p < 0.001) was observed at 25 and 30 min, respectively (Figure 2(b) ). At the 30-min point, the plasma concentration of compound X was 2.4 ± 0.7 μM. There was a strong positive correlation between QTcF prolongation and plasma concentration (slope = 6.905, p = 0.0004) (Figure 2(c) ). Compound X did not seem to affect PQ interval, although there was a significant difference from the control at the 30-min point (p < 0.01) owing to a shortening trend in the control group (Figure 2(d) ). There was no difference in the change in QRS interval between the compound X-and vehicletreated groups (Figure 2(e) ). Heart rate (beats/minute) was significantly decreased by compound-X infusion at the 30-min point (p < 0.05) (Figure 2(f) ). In the case of compound X, LVdP/dt max was not determined. Next, we investigated the changes in plasma concentrations of compounds Y and Z at 10, 20, and 30 min, corresponding to the time points at the end of each 10-min infusion of 1, 3, and 10 mg/kg, respectively (Figure 3(a) ). With both compounds the QTcF interval seemed to be shortened slightly, although the changes were not significant (Figure 3(b) ). With compound Y treatment, one dog showed ~10% shortening of the QTcF interval 10 min after the end of the 10-mg/kg infusion (at the 30-min point). Administration of compound Y or Z to dogs caused a dose-dependent PQ prolongation (Figure  3(c) ); significant prolongation was observed at 25 (p < 0.01) and 30 (p < 0.001) min with compound Y treatment, and at 30 min (p < 0.05) with compound Z treatment. In contrast, the QRS interval was not affected by compound Y or Z (Figure 3(d) ). Common and characteristic hemodynamic changes occurred in response to compounds Y and Z. Compound Y or Z infusion induced dose-dependent decreases in heart rate and LVdP/dt max . There was a significant reduction in heart rate at 25 (p < 0.001) and 30 (p < 0.001) min with 10-mg/kg infusion of compound Y, and at 25 (p < 0.05) and 30 (p < 0.001) min with 10-mg/kg infusion of compound Z (Figure 3(e) ); significant decreases in LVdP/dt max were detected at 25 and 30 min with 10-mg/kg infusion of either compound Y or Z (p < 0.001 at all points; Figure 3(f) ).
Discussion
We evaluated STV FPDc values from Poincaré plots in the hES-CMC system, and we observed increases in STV FPDc in clusters treated with cisapride or E-4031, along with FPDc prolongation. It is well known clinically that cisapride is torsadogenic. Few clinical data about the concentration of E-4031 that causes TdP are available. This compound is, however, a potent hERG channel blocker, so it can be expected to prolong the action potential and cause TdP at low plasma concentrations [22] . Therefore, it is possible that STV FPDc in the hES-CMC system is an additional useful marker of TdP. Nalos et al. examined action potential duration (APD) and beat-to-beat variability of repolarization of hES-CMCs treated with moxifloxacin or E-4031 [23] . Moxifloxacin treatment of hES-CMCs gave slight but not significant APD prolongation without increases in STV, reflecting clinical observations. Nalos et al. considered that assays using [24] and in canine Purkinje fibers [25] . Our concentrations of quinidine at 1 and 3 μM for FPDc prolongation agreed well with these data. Wu et al. reported significant increases in beat-to-beat variability of monophasic APD 90 at 0.1 to 3 μM in rabbit left ventricles [26] . Our present study showed an increasing trend in STV FPDc in hES-CMCs treated with quinidine. Three of six clusters demonstrated >180% of the pre-value at 3 μM; this suggests that quinidine is torsadogenic.
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The class Ib antiarrhythmic drug mexiletine shortens APD 90 at 10 μM in guinea pig ventricles [24] and at 20 μM in canine Purkinje fibers [27] . However, mexiletine at 0.1 to 100 μM gave no significant FPDc shortening in our study. The class Ic antiarrhythmic drug flecainide, increases APD 90 at 10 μM but decreases it at 30 μM in guinea pig right ventricular papillary muscles [28] . Additionally, Campbell reported that flecainide at 0.25 to 5 μM has minor effects on APD 90 in guinea pig ventricles, although transitory prolongation was observed at 1 μM [24] . We observed no significant changes in FPDc or STV FPDc with flecainide from 10 nM to 10 μM. These results suggest that our preparations had little late sodium current [29] that was sensitive to sodium channel blockers.
We examined the correlation between FPDc in the hES-CMC system and QTcF interval in dogs by using our proprietary compounds, the channel involvement of which in regard to the QT interval has been determined only in terms of the hERG channel. The IC 50 value of compound X toward the hERG current was 0.30 μM, and significant FPDc prolongation at 1 to 10 μM was observed in our in vitro assay using hES-CMCs. FPDc prolongation was thus explained by hERG channel blockage by compound X. In anesthetized dogs, significant prolongation of QTcF intervals was seen 10 min after the start of infusion of 1.0 mg/kg compound X, at which time the plasma concentration of this drug was 2.4 μM. This QTcF prolongation was correlated with the plasma concentration of compound X; the slope was 6.905 in the linear regression y = 6.905x, where x is the plasma concentration of compound X and y is the % change in the QTcF interval. When the plasma concentration of compound X was 1 and 3 μM, the QTcF interval change was estimated at +6.9% and +20.7%, respectively. Interestingly, the values calculated on the basis of our in vivo dog study were close to those from in the in vitro hES-CMC system (12.1% and 21.0% FPDc prolongation at 1 and 3 μM, respectively). Therefore, with administration of compound X, the hES-CMC system displayed strong predictability toward QT prolongation in the in vivo dog studies. This good concordance may be related to the use of a measurement medium containing FBS in the hES-CMC system. Additionally, we found concentration-dependent increases in STV FPDc in hES-CMCs treated with compound X: at doses of 1, 3 and 10 μM, along with the FPDc prolongation, the STV FPDc was increased to 181%, 257%, and 259% of the pre-treatment value. These values seemed to be equivalent to those with E-4031 and cisapride. The results of STV FPDc suggest that compound X is torsadogenic. Interestingly, compound X triggered typical EAD in one in five clusters.
Compounds Y and Z also had inhibitory activity against the hERG current at 10.6 and 9.7 μM, respectively, as IC 50 values. Unlike with compound X, treatment with compound Y or Z at 10 to 30 μM gave a trend toward shortening of FPDc, rather than prolongation, in the hES-CMC system. In our in vivo study, neither compound Y nor Z induced QTcF prolongation in anesthetized dogs, although the plasma concentrations reached 38.0 μM (compound Y) and 29.0 μM (compound Z) at the end of infusion. Hence, we considered that with administration of compound Y or Z there was a similar trend between the FPDc changes in the hES-CMC system and the QTcF changes in the in vivo dog experiments. McAllister et al. found a strong positive linear relationship between plasma verapamil concentration and changes in PR intervals after i.v. drug administration to conscious dogs, although there were no changes in the QRS or QT interval [30] . Similarly, intravenous verapamil administration at 0.1 and 0.3 mg/kg induced significant prolongation (8.9% and 20.0%, respectively) of the PQ interval in anesthetized dogs, whereas no changes were seen in the QRS or QT interval [31] . In addition, dose-dependent decreases in heart rate and LVdP/dt max were observed with verapamil (−12.3% and −23.1%, respectively, at 0.3 mg/kg) [31] . Furthermore, decreases in heart rate (−14%) and prolongation of the PQ interval (48%) have been reported after i.v. diltiazem infusion into conscious dogs [32] . Our results, together with the above-mentioned findings, suggest that compounds Y and Z block calcium channels. In our previous in vitro assessment using hES-CMCs, verapamil and diltiazem at 30 and 100 nM, respectively, produced >10% shortening of FPDc [8] . We therefore speculated that FPDc changes were determined by the potency relationships between hERG and Ca v 1.2 current inhibition by each compound. In relative terms, inhibitory activity against the hERG current was stronger than that against the Ca v 1.2 current in the case of compound X, and vice versa for compound Y (Table 3) . Therefore, these relationships could result
